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Abstract

The combined oxygen-steam reforming of methane was investigated in a non-thermal plasma or dielectric-barrier discharge (DBD). It was
found that only CH and Q were converted in the plasma, whereas no net conversion of water was detected. A comparison was made between
the DBD reactor with an empty discharge gap and with the discharge gap filled by a dielectric material. In the latter arrangement a Ni catalyst on
a-alumina was compared with the pure catalyst support. Experimental data are also compared with thermodynamic equilibrium calculations.
Plasma activation leads to CO as a main product, which then however oxidises whe@ the catalyst becomes active (>309. The
addition of steam to the reactants results in the enhanced formation of hydrogen under conditions where oxygen is completely converted.
© 2004 Published by Elsevier B.V.
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1. Introduction in much smaller quantities than refineries, ammonia or
methanol plants emerge, e.g. in fuel cell applicatiféis
Currently, the only economically available route for con- Another important field which is recently emerging, is the
verting methane, the main component of natural gas, into development of new environmentally friendly technologies,
more valuable products is via synthesis §fas6]. Depend- such as the control of Gemission or the utilisation of bio-
ing on the industrial application and the required Corh+ gas (CH and CQ). In these fields, significant advantages
tio, the process is realised currently by the well-established are currently expected from non-traditional approaches to
highly endothermic steam reforming (GH- 2H,O — catalysis.
3H, + CO, AH® = 206 kd/mol), giving a H:CO ratio of One of these new approaches is to combine heteroge-
3:1 [1]. As an alternative route, especially to obtain the neous catalysis with the chemical activation of reactants
H>:CO ratio of about 2, as it is required for methanol or by an electric gas discharge or plasma. Most promis-
Fischer—Tropsch synthesis, the partial oxidation of methaneing are the non-thermal e.g. microwayé], corona[8],
(CH4 + (1/2)02 — 2H2 + CO, AH? = —36kJ/mol), has dielectric-barrier discharge$9] and others[10]. In a
been intensively investigated during the past 20 y§2fs non-equilibrium plasma gaseous species are chemically ex-
Both processes are realised in the largest possible scale teited or dissociated directly by electron impact, while the
make them commercially viable. However, often natural temperature of the reactants, the gas temperature, remains
gas resources occur as remote reservoirs or as casing heactlatively low and thus product distributions far from chem-
gas in remote locations. Due to the high transport or storageical equilibrium may be obtained. Plasma processes offer
costs of gas, costs for catalytically operating systems area unique way to induce gas phase reactions by electron
pushed beyond commercial interest. collisions, but they are often less selective than catalytic
Meanwhile, an increasing number of applications and processes. Catalytic reactions on the other hand can give
manufacturing processes that require syngas or hydrogerhigh selectivity, but require a certain gas composition, an
active catalyst, high temperature or its strict control. There-
fore, such a combination of plasma activated reactions with
* Corresponding author: Tel:33-3-90242760; fax:-33-3-90242761.  a Selective catalytic process seems to be a challenge and a
E-mail address: pietruszkab@ecpm.u-strasbg.fr (B. Pietruszka). promising way to enhance traditional catalytic processes.
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Non-equilibrium plasma obtained in a dielectric-barrier reaction. The addition of Ar has some effect on the plasma
discharge (DBD) has been used for several chemical and catpower at a given applied voltage, however, variation of the

alytic processes as reviewed recently by Kogelsclit} Ar flow showed that the influence on conversion and prod-
Examples are the decomposition of nitrogen and sulphur ox- uct distribution at a given plasma power is not significant.

ides in flue gasefl2], abatement of volatile organic com- The amount of catalytic material in the discharge zone was
pounds[13,14] or treatment of diesel exhaust ga$es]. varied from 0O to 6 g. The discharge gap was left empty for
This type of discharge has been also used for methane re-experiments with only plasma activation. For tests with cat-
forming processes: dry reforming to syng46,17], reform- alyst and plasma, 2 g of sample were used filling about 1/3

ing of higher hydrocarbons or oxygenatd8-20] steam of the discharge volume and 6 g, filling the entire discharge
reforming[15,21,22]and partial oxidatiori23,24] Since the gap. a-Al,03 and a commercial Ni catalyst (Stid-Chemie
DBD allows the direct insertion of a dielectric material into  G90B), with a specific surface area 9 and %gn’, respec-

the discharge gap, it has attracted considerable interest fottively, grains sizes 0.71-1.00 mm, were used. The Ni catalyst
combining the plasma-chemical activation of reactants with was first calcinated in air at 70C for 4 h. For the catalytic
heterogeneous catalysis under atmospheric pressure and refheasurements, unreduced (N&@4l,0O3) and reduced sam-
atively low temperatures. ples were tested (reduction in 6.7% lih Ar, 150 sccm,

In this paper, we present the application of non-equilibrium 200-450°C, 5 K min— and at 450C for 1 h). The CH and
plasma for the combined oxygen-steam reforming of O, conversions are defined as the percentage of thg CH
methane in a DBD reactor at relatively low temperatures. and G that have reacted. The calculation of product selec-
To separate the effect of the plasma activation from surfacetivity was based on the carbon in the methane converted for
and catalytic processes, the reaction is also investigated inCO and CQ, and on the hydrogen from converted £fdr
an empty DBD reactor as well as over pure catalyst support. HoO and H.

Finally, the amount of water addition and catalyst amount  Non-dispersive infrared spectrometry (NDIR) and mass

in the discharge gap is studied. spectrometry (MS) were used to measupg®HCH;, O, and
C0O,. CO was analysed only by NDIR andoHhy MS. A
GC/FID (gas chromatograph equipped with a flame ionisa-

2. Experimental tion detector) was used to analyse the hydrocarbons formed.
For calibration, test gas mixtures with known concentrations
2.1. DBD reactor were used. Measurement and calibration errors are within

5%, however calculated selectivities may have a larger error

The DBD reactor, as describg@l3—25] consists of two at low conversion. The specific energy input (SEI in kJ/mol)
coaxial quartz tubes with a wall thickness of 1.5mm. The is defined as the electric power supplied to the plasma di-
discharge gap between the tubes is 1.5 mm and the lengthvided by the gas flow.
of the discharge zone is 10cm, resulting in the reaction
volume of approximately 7 cfa As high voltage electrode,
a metal layer inside the inner tube was used and the outer3. Results
electrode was made from a metal spiral, also serving as
electrical heater. To drive the discharge an AC high voltage 3.1. Combined oxygen-steam reforming of methane in a
was generated with a maximum of 104gvat 25-40 kHz. DBD reactor with an empty gap
The discharge power was calculated from the time-averaged
product of discharge voltage and current. The accuracy is As shown inTable 1 plasma induces methane conversion
about 10%. The temperature was measured at the outsiden the combined oxygen-steam reforming of methane. As it
tube of the reactor, since a thermocouple inside the catalystwas already reporte/®5,26], when the steam was added to

bed interferes with the discharge. the reagent mixture, in the presence of plasma, a net con-
sumption of water was not observed. The only converted
2.2. Catalytic measurements reagents were methane and oxygen, whereas the water out-

put was always higher than input values. Because of this,

The catalytic tests were conducted under atmosphericthe hydrogen selectivity was calculated under the assump-
pressure in the temperature controlled DBD reactor in the tion that only CH, but not O contributes to -formation.
temperature range from 100 to 400. Total gas flow rates  CO, CQ, H20O and R are the main products of plasma ac-
(air, CH; and Ar) were from 85 to 340 sccm. The compo- tivated methane reforming. Traces 0§-C, hydrocarbons
sition of the feed gas was varied, changing the molar ratio (less than 0.5%) were also detected and carbon and waxes
of CH4:O, from 1:1 to 4:1. The gas mixture was passing deposition on the reactor wall was found after the measure-
through a temperature controlled bubbler to saturate it with ments.
steam to concentrations from 5.6 to 19.9%. About 10% of Both conversions of CilHand Q increase with the in-
Ar was added to allow monitoring the total volume flow rate put plasma power and temperature and they decrease with
at the reactor outlet and the volume variations during the increasing the total flow rate (decreasing SEI). The plasma
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Table 1
The influence of temperature, reagent flow rate, specific energy input and th©LFHtio on the methane and oxygen conversions and the ratio of
H2/H,0O and CO/CQ (7.4% steam, empty DBD reactor, i.e. without dielectric filling)

Temperature Total flow Input energy  SEI CHy conversion (%) @ conversion (%)  H/H2O ratio COI/CQ ratio

0 rate (sccm) (W) (kImoh) 4.1 251 41 11 251 41 L1 251 41 11 251 41

200 85 27 376 54 29 18 84 94 92 0.06 023 042 12 32 4.0
200 170 27 200 30 17 12 46 61 58 0.09 016 02 3.0 45 5.0
200 340 28 107 15 9 10 25 30 32 014 021 025 47 56 5.5
300 85 31 432 75 40 25 96 96 95 0.15 0.4 064 12 4.0 5.2
300 170 32 237 55 28 18 80 85 88 005 018 026 24 50 5.7
300 340 32 122 28 15 12 40 46 50 0.07 017 022 50 76 7.0
400 85 34 474 76 40 35 97 96 96 0.17 04 0.6 1.7 27 6.7
400 170 33 244 61 28 30 90 85 95 0.08 0.18 037 55 82 7.6
400 340 32 122 35 16 20 52 46 60 0.08 0.17 026 6.0 55 8.7

1:1, 2.5:1, 4:1 denote the GHD, ratios.

power was applied at a constant voltage and due to the lower

gas density at higher temperature, this leads to the increase 50 ; -
from 27 to 32W between 200 and 4@0. This is in part i plasma {  plasma in packed bed |
also the reason for the increasing conversions at higher tem- 404 B
perature. On the other hand, in addition to the methane ac- ! : "E{i - ]
tivation by electron impact, also thermally activated reac- S 20+ Eﬂ ﬁiﬁ%ﬁ . |
tions, such as hydrogen abstraction by atomic hydrogen, are § ] Eﬁ ﬁiﬁ%ﬁi i%iﬁii!;%
involved in the process leading to an increase in conversion £ | .. 1
with temperature. & 1 :n':i iﬁii%g N -
Considering the product distribution, CO ang®are the = Al LB L :
main products; however, the,HH,O and CO/CQ ratios © 10 m -
depend on the total flow and input gas composition. When I § ]
increasing the total flow at constant power input (decreas- 0 i E ; i . i .
ing specific energy input SEI), the;HH,O ratio is decreas- therm. ¢ La-ALO, Nion - NiOon

: . - A equilibrium: : 7 aALO; 0-ALO
ing. At the same time, an increase of the COgQ@tio is = : ’ 2

observed. At a lower oxygen concentration in the mixture rig. 1. The methane conversion at equilibrium and in a DBD reactor

higher CO/CQ is obtained, however with decreasing £H  without or with catalytic material in the discharge gap (at 300 and
conversion and HH>0 ratio. 400°C, total gas flow rate 170sccm, GiD, = 2.5:1, HO 7.4%, 30W,
SEl = 223 kJ/mol, 2g of sample, grains size 0.7-1.0 mm).

3.2. The effect of dielectric material in the discharge zone
on the methane reforming

plasma in packed bed

Figs. 1-6show the effect of a dielectric material in the

discharge zone on the conversions of methdtig. (1) and 10 ) e

oxygen Fig. 2) and on the selectivity to # H,O, CO and ii ?iﬁ i

CO;, (Figs. 3—6 respectively). The data presented were mea- 80 ii §i§ q [

sured at 300 and 40 at a total gas flow rate of 170 sccm, S | ﬁ! o

7.4% HO, CH;:0, = 2.5:1, a plasma power of about 30 W g %1 | i

(SElI = 223kJ/mol) and 2g of sample in the discharge § 1

gap. Below 300C the reactant conversion and product se- 5 40+ B

lectivities did not depend significantly on the material in the o 1

discharge and were about the same as obtained in the empty 20 -

DBD reactor {able ). Equilibrium data are also presented, L ]

calculated using the STANIAN prografg@7]. In these cal- 0 ]

culations, the oxidation of methane is considered as the main S;i?ﬁl'mum; P OIL\IX]’% wALO

reaction and the water gas shift reactid®O + H,O — f f P B

Hz + CO,) as the secondary reaction. Fig. 2. The oxygen conversion at equilibrium and in a DBD reactor
It must be noticed, that no conversion of gldnd G without or with catalytic material in the discharge gap, conditions as in

was detected over the investigated materials in the absencé&id- 1
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Fig. 3. The selectivity to K at equilibrium and in a DBD reactor without
or with catalytic material in the discharge gap, conditions abkign 1
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Fig. 4. The selectivity to O at equilibrium and in a DBD reactor without
or with catalytic material in the discharge gap, conditions abkign 1
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Fig. 5. The selectivity to CO at equilibrium and in a DBD reactor without
or with catalytic material in the discharge gap, conditions aBkign 1
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Fig. 6. The selectivity to C®at equilibrium and in a DBD reactor without
or with catalytic material in the discharge gap, conditions akigq 1

of the discharge below 40@. As it was observed in an
empty DBD reactor, CO, C£ H,O and H were the main
products and traces of,€C3 hydrocarbons and methanol
were also detected. In the presence of the discharge, the
methane conversion exceeds the equilibrium values at these
temperatures. The dependence of the,€bhversion on the
material in the discharge gap is rather small, ranging from
about 30 to 40%.

Oxygen conversion is 100% at chemical equilibrium, and
as it is shown irFig. 2 total oxygen conversion is only ob-
tained over the nickel catalyst and over NiO at 400 The
100% conversion of oxygen over the nickel catalyst at both
temperatures indicates catalytic activity. The oxygen conver-
sion never exceeded 96%, when the discharge was operating
in the empty gap and over-Al,03. Comparing the product
selectivity calculated for thermodynamic equilibrium with
the results obtained in the discharge, we can see signifi-
cant differences, especially for CO and £@t such low
temperatures, CHis mainly converted to C& H,O and
H» at thermodynamic equilibrium, whereas plasma produces
mainly CO and HO. At low temperatures, CO is not formed
under equilibrium conditions, the selectivity is only 4% at
400°C. In the discharge, CO formation greatly exceeds the
equilibrium value, showing the non-equilibrium character of
plasma activation or electron impact dissociation. The high-
est CO selectivity was obtained in the empty DBD whereas
the presence of material surface apparently promotes the sur-
face oxidation of CO to Cg with the rate increasing in the
following order:a-Al,03 < NiO/a-Al,03 < Ni/a-Al20s.

The equilibrium value is obtained at 400 only over the
Ni catalyst.

Considering the selectivity to Hand HO in Figs. 3
and 4 it is seen that the equilibrium composition is ap-
proached only over NiO and that the highest selectivity to
H, is obtained at 400C. In the reactor with empty gap
and in the presence of-Al;03 the Hy selectivity is lower.
Without an active catalyst, thest$electivity did not exceed
20%, whereas Ni catalyst promotes hydrogen production.
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Fig. 9. The H/H,0 ratio vs. temperature and the steam addition in a

Fig. 7. The methane conversion vs. temperature and the steam addltlonDBD reactor over Nit-Al,Os catalyst, conditions as iFig. 7.

in a DBD reactor over Ni-Al,O3 catalyst (total gas flow rate 170 sccm,

CH4:0, = 5/2:1, 29W, 2g of the catalyst, grains size 0.7-1.0 mm). . L Lo
is always less than 4%. Significant variations of CO4CO

and H/H»>0 ratios are observed with 7.4% steam addition

The selectivity to water is changing in the opposite way as at the temperature range investigated. To explain this, we
assume that the Ni catalyst promotes the water gas shift re-

the selectivity to hydrogerF{g. 4).
i . action Section 3.2, however only if oxygen is completely
3.3. Plasma catalytic reforming: the effect of steam and converted as shown iRig. 8 at 300 and 400C. So as ob-
served, the hydrogen formation follows the assumption and

catalyst amount
it is increasing with the increasing steam addition and tem-

. In Figs. 7 and 8the influence of steam concentration o ratyre, Obviously, the addition of steam promotes hydro-
in the feed gas on the methane and oxygen conversions 'Sgen formation, however, if oxygen conversion is not com-
shown. The influence of the steam on the reagents conver-plete some hydrogen is lost to oxidation.
sions is most noticed at 20C, where both conversions are As,shown inFigs. 11 and 12the amount of nickel cata-
decreasing with increasing steam co_ncentr_anon. AtOB_DO lyst in the discharge gap influences both the reagent conver-
and above the changes of the conversions differ only slightly, gjong and the product distribution. Keeping the SEI constant
the oxygen conversion is 100% apd, as observed before ir‘at 181 kJ/mol, higher methane and oxygen conversions were
Figs. 1. and 2the methane conversion saturates around 30%. 5pserved in the DBD reactor filled only partially (1/3 of the
In Figs. 9 and 10:h§ H/H20 and CO/CQ ratios are discharge volume) with the catalyst. Looking at the ratio of
plott_ed for the_se experiments. At low temperature (2Df) CO/COy and H/H20, one can see that in the partially filled
CO is the main product and not strongly dependent on the oy (o tor CO production at low temperature (2Q0)
steam addition. At 30€C, thg products of total methane ox- 4 hydrogen formation at higher temperature (ADpare
idation (CQ anq FO) dominate and at 40 hydfoge_” detected. When filling the discharge gap with a catalyst, the
becomes a dominant product. At 400, the CO selectivity discharge is operating only between the grains and its vol-
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Fig. 8. The oxygen conversion vs. temperature and the steam addition inFig. 10. The CO/C@ ratio vs. temperature and the steam addition in a
DBD reactor over a Nit-Al,03 catalyst, conditions as ifig. 7.

a DBD reactor over Ni-Al,O3 catalyst, conditions as iRig. 7.
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100+ o 2 tor, whereas the residence time in the catalyst bed is suffi-
cient even for a partially filled gap. The lower selectivity to
s 8T Cag‘lllysf_ﬁo’_ f% . CO and H is probably the result of their oxidation on the
Fl 0. —e— —o— catalyst surface.
£ ol )
Q
s T / - 4. Discussion
E [ O//-/
+ 204 ;
G L] D//D 4.1. Plasma reforming of methane
I
0 f . f : f ' A plasma process employing a DBD was applied for the
200 300 400 combined oxygen-steam reforming of methane at tempera-
Temperature (°C) tures below 400C under atmospheric pressure. In the re-

Fig. 11. The methane and oxygen conversions vs. temperature over aactor with an empty discharge gap conditions are obtained,
different catalyst amount in the discharge zone on (total gas flow rate ynder which gas phase reactions induced by the discharge
170scem, CHO, = 5/2:1, K0 19.9%, 27W, SEk 181kJ/mol, sample  dominate the reagent conversion and product selectivities.
grains size 0.7-1.0mm). In a DBD most of the discharge energy is used to produce
and accelerates electrons, which then generate highly active

ume is reduced. Since at the low temperatures investigatedgpecies (metastables, radicals and ions). Methane and oxy-
the methane activation requires electron impact dissociationgen is chemically activated directly by electron collisions.
by the plasma and no reaction was observed over the cat-Although the average electron energy in a DBD is below
alytic material without operating discharge, the decreasing 10 eV[11], oxygen is effectively dissociated by electron im-
discharge volume results in decreasing conversion, as obpact(e + O, — e+ O + O). Active oxygen radicals re-
served inFig. 11 It should be mentioned here, that inserting act then with methane by hydrogen abstraction producing
a catalytic material into the plasma affects its properties, as OH radicals[15]. These are also an extremely efficient oxi-
already described by Kraus et §l6]. The presence of the  dant (oxidising potential 2.8 eV) and can react further with
grains is likely to lead to some surface reactions and loss of methane to form water. The electron impact dissociation of
active species and probably to a reduction of their concen- methane requires about 9-12 eV, as compared to 6-8 eV for
tration in the gas phase. oxygen. Considering the high bond energy of 11.2eV for

When the discharge gap was completely filled by the cat- CQ, it is rather stable in the plasma. Therefore, CO seems
alyst, the plasma causes ignition in the reactor and the au-to be produced as the primary product of plasma assisted
tothermal reaction can proceed without operating the dis- methane-oxygen reforming. It is also likely that somesCO
charge. In that case, significant overheating while operating formed is subsequently dissociated in the discharge to CO
the discharge occurred and it was more difficult to maintain and active oxygen atoms. Concerning the efficiency of elec-
stable plasma conditions. After several hours on stream thetron impact dissociation of Cin a DBD, as reported by
catalyst bed developed three different zones, including somekogelschat411], about 40% of the electron energy can be
coke deposition close to the outlet. During oxygen reform- ytilised for the CQ dissociation. However, as it has also
ing of methane without steam additi¢a3,24] the depen- been reported by Zheng et §8], the presence of oxygen
dence on gas flow and plasma power shows that the plasmauppresses the GQonversion to CO, also indicating that
induced reactions are kinetically limited in the current reac- CO is the primary product.

In the current experiments, the only reagents converted
are CH, and @ whereas the concentration of steam was al-
* catalyst  2g  6g ways higher at the output than at the input. It is difficult to

3,5 1 H/HO —A— —A— . .
I COICO. —f —t assess the role of steam in plasma assisted methane-oxygen

40—

£ 30T reforming. As recently published by Hammer et[4b], the
;~ 251 H»O conversion in a DBD reactor was negligible, indicating
S 204 A insufficient steam activation by plasma; less than 5% of the
5.: sl input energy was available for water dissociation. However,
S 7 % about 69% of the OH radicals generated from water disso-
z LT ciation were reported to be consumed by the hydrogen ab-
T o5t A * straction from the CHl resulting in CH radicals and water.

0,0 f L % %

200 300 400

4.2. Plasma catalytic reforming of methane

Temperature (°C)

Fig. 12. The H/H,O and CO/CQ ratios vs. temperature and over a Catalytic material in the discharge zone of plasma cat-
different catalyst amount in the discharge zone, conditions d&gn1l alytic processes is used to improve the selectivity and effi-
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ciency of plasma processes by surface reactions. Our moti-water conversion is not observed, however, its desorption
vation for putting a nickel catalyst, well known as a good from the surface can be accelerated by the discharge.
catalyst for methane steam reforming, in the discharge zone
was to improve the plasma activation together with the cat-
alyst and also to try controlling or changing the product dis- 5. Conclusions
tribution. As we showed in the present study, the presence
of a-Al203 in the discharge zone does not influence signif- A plasma catalytic process employing a DBD reactor
icantly the reagent conversions as compared to the emptywas applied for the combined oxygen-steam reforming of
DBD reactor. Also the product distribution is not changing methane at the temperature range below“4D0Nhen op-
significantly, only a small increase of Gdormation can  erating the discharge, only methane and oxygen were con-
be attributed to the surface oxidation of CO to £@hen verted. By the combining of the DBD and a Ni catalyst
Ni catalyst is present in the metallic or the oxidised (NiO) the conversion of methane was not improved, but full oxy-
form, the conversions are not changed significantly in com- gen conversion was achieved. At a sufficient temperature
parison to the empty DBD, but the products selectivities to maintain the Ni catalytically active the product selec-
are changed. It is necessary to point out that the changesivities changed significantly. The effect of the steam led
in selectivities are noticed only if the temperature is high to enhanced hydrogen yield (WGS), provided oxygen was
enough for the catalytic material to become itself active, i.e. fully converted. The selectivity to fHof about 70% over
when the metallic Ni surface starts to be partially oxidised NiO/Al,Os was achieved. Plasma was found to activate the
at 300°C and the NiO surface, on the other hand, partially reagents and accelerate the adsorption—desorption processes,
reduced, as was observed at 400 Results on tempera-  whereas the oxidation state of catalyst is responsible for the
ture programmed reduction and oxidation are give[2B]. surface reactions.
The presence of the Ni catalyst results in total oxygen con-
version, which was not obtained in an empty DBD or over
a-Al203. Only if oxygen is fully converted hydrogen is a  Acknowledgements
major reaction product. NiO, when reduced at 43Ghows
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idation of CO to CQ. The partially reduced NiO surface |CA2-CT-2000-10004).
in combination with plasma was found most attractive for
hydrogen formation, with a selectivity of about 70%.
Although the influence of steam addition to the reaction
in a DBD is not well understood, in the reaction over the Ni
catalyst it is mugh more evident. Its addition increases the [1] 2.R. Rostrup-Nielsen, Catal. Today 63 (24) (2000) 159
hydrogen formation, indicating the WGSR. We could also 1 o o T Xiao, M.L.H. Green, Top. Catal. 22 (3-4) (2003) 345.
expect that the presence of steam in the reagent mixture, (31 j r. Rostrup-Nielsen, Proceedings of the NATO ASI: Sustainable
due to the adsorption on the catalyst surface has a strong  strategies for the Upgrading of Natural Gas: Fundamentals, Chal-
influence on the state of catalyst surface during discharge  lenges and Opportunities, 6-19 July 2003, Vilamoura, Algarve, Por-
operation. We should also remember that in a DBD there _tugal. p. 199. _ _ _
are extended surface discharges (on the dielectric material) %! ]'?' Trimm, Proceedings of the NATO ASI: Sustainable Strategies
. .. . or the Upgrading of Natural Gas: Fundamentals, Challenges and
covering a much larger area than the original discharge Opportunities, 6-19 July 2003, Vilamoura, Algarve, Portugal, p. 39.
streamers in an empty gap. The catalytic material, espe- [5] D. Trimm, Proceedings of the NATO ASI: Sustainable Strategies
cially the surface of the catalyst grains, is also influenced for the Upgrading of Natural Gas: Fundamentals, Challenges and
by strong electric filed. The other aspect is that under at- _ ©Opportunities, 6-19 July 2003, Vilamoura, Algarve, Portugal, p. 51.
mospheric conditions, due to a large numbers of particle [6] H. Stitt, Prqceed|ngs of the NATO ASI: Sustainable Strategies for
. . . the Upgrading of Natural Gas: Fundamentals, Challenges and Op-
collisions, most of the Input power Is converted to heat portunities, 6-19 July 2003, Vilamoura, Algarve, Portugal, p. 123.
transferred to the catalytic material. The discharge causes [7] v.L. Zholobenkon, E.R. House, Catal. Lett. 89 (1-2) (2003) 35.
probably formation of hot spots in the catalytic material [8] Ch. Liu, A. Marafee, R. Mallinson, L. Loban, Appl. Catal. 164
[29]. Such hot spots could be responsible for the catalyst  (1997) 21. ,
activation and the observed selectivity. It can be one ex- 1% ‘Q,ig'g’s'ziéYE Hirano, T. Oda, IEEE-IAS Conference (1998),
planation of the measured activity of the C_ataIySt in the [10] ﬁ?.Krawczyk, M Miotek, Appl. Catal. B: Environ. 30 (2001) 233.
presence of the discharge. However, the existence of such11] u. Kogelschatz, Plasma Chem. Plasma Process. 23 (1) (2003) 1.
hot spots is difficult to ascertain. With the addition of steam, [12] H. Ma, P. Chen, M. Zhang, X. Lin, R. Ruan, Plasma Chem. Plasma
no catalytic conversion was observed when the plasma is  Process. 22 (2) (2002) 239.
switched off at such low temperatures (up to 4@9. In our [13] F. Holtzer, U. Roland, F.-D. Kopinke, Appl. Catal. B: Environ. 38

s . . : (2002) 163.
opinion the discharge accelerates the adsorptlon—desorptlorflq U. Roland, F. Holtzer, F.-D. Kopinke, Catal. Today 73 (2002) 315.

processes, by activating the adsorbed molecules and, probag;s) th. Hammer, Th. Kappes, M. Baldauf, Plasma Sources Sci. Technol.
bly, by activating also the catalyst surface. In our study, net 11 (2002) A196-A201.

References



158

[16] M. Kraus, B. Eliasson, U. Kogelschatz, A. Wokaun, Phys. Chem.
Chem. Phys. 3 (2001) 294.

[17] M. Kraus, PhD Thesis, Swiss Federal Institute of Technology, Zurich,
2001.

[18] K. Zhang, B. Eliasson, U. Kogelschatz, Energy Fuels 15 (2001) 395.

[19] K. Zhang, B. Eliasson, U. Kogelschatz, Ind. Eng. Chem. Res. 41
(2002) 1462.

[20] J.J. Zou, Y.P. Zhang, Ch.-J. Liu, Y. Li, B. Eliasson, Plasma Chem.
Plasma Process. 23 (1) (2003) 69.

[21] Th. Hammer, Th. Kappes, M. Baldauf, in: A. Haljaste, T. Plank
(Eds.), Proceedings of the HAKONE 8, Tatru, Estonia, 2002, p. 196.

[22] Th. Hammer, Th. Kappes, M. Baldauf, Fuel Chem. Div. Preprints
46 (1) (2001).

B. Pietruszka, M. Heintze/ Catalysis Today 90 (2004) 151-158

[23] M. Heintze, B. Pietruszka, Catal. Today 89 (1-2) (2004) 21.

[24] B. Pietruszka, K. Anklam, M. Heintze, Appl. Catal. A. General 261
(2004) 19.

[25] B. Pietruszka, M. Heintze, in: A. Haljaste, T. Plank (Eds.), Proceed-
ings of the HAKONE 8, Tatru, Estonia, 2002, p. 166.

[26] B. Pietruszka, K. Anklam, M. Heintze, Proceedings of the 16th
International Symposium on Plasma Chemistry, Taormina, Italy, June
22-27, 2003.

[27] Available through the webhttp://www.stokes.lance.colostate.edu

[28] G. Zheng, J. Jiang, Y. Wu, R. Zhang, H. Hou, Plasma Chem. Plasma
Process. 23 (1) (2003) 59.

[29] X. Zhang, D.O. Hayward, M.P. Mingos, Catal. Lett. 88 (1-2) (2003)
33.


http://www.stokes.lance.colostate.edu

	Methane conversion at low temperature: the combined application of catalysis and non-equilibrium plasma
	Introduction
	Experimental
	DBD reactor
	Catalytic measurements

	Results
	Combined oxygen-steam reforming of methane in a DBD reactor with an empty gap
	The effect of dielectric material in the discharge zone on the methane reforming
	Plasma catalytic reforming: the effect of steam and catalyst amount

	Discussion
	Plasma reforming of methane
	Plasma catalytic reforming of methane

	Conclusions
	Acknowledgements
	References


